BACKGROUND AND PURPOSE: Lacunar infarcts account for approximately 25% of acute ischemic strokes. Compared with NCCT alone, the addition of CTP improves sensitivity for detection of infarcts overall. Our aim was to systematically evaluate the diagnostic benefit and interobserver reliability of an incremental CT protocol in lacunar infarction.
L
acunar infarcts (LIs) account for approximately 25% of all acute ischemic strokes. 1 These small subcortical infarcts are typically located in the basal ganglia, thalamus, internal capsule, corona radiata, or brain stem. 2 Although single perforating artery occlusion is the dominant pathophysiology, lacunar syndromes may be secondary to large-artery disease and cardioembolic causes in up to 10% of cases. 3 The National Institutes of Neurological Disorders and Stroke study showed the benefit of thrombolytic use on functional outcome across all stroke subtypes, including small-vessel infarcts characterized at baseline. 4 Although conflicting findings have been reported, 5, 6 a general consensus favors thrombolytic use in lacunar infarction. 7 Anecdotally, thrombolysis treatment of an acute LI was associated with MR imaging perfusion and DWI deficit reversal, with good clinical recovery. 8 Inaccuracy of the LI diagnosis is present in approximately 30% of stroke presentations by using clinical and NCCT findings alone. 9 CTP is increasingly used during acute stroke work-up due to its cost effectiveness, ease, availability, speed, and tolerability. 10 CTP significantly improves sensitivity for detection of infarcts overall compared with NCCT alone. 11, 12 Perfusion abnormality associated with LI is clinically important and may be associated with early clinical deterioration, infarct growth, or resolution. 8, [13] [14] [15] No prior study has systematically evaluated the performance of CTP for LI, to our knowledge. The purpose of this study was to evaluate the diagnostic benefit and interobserver reliability of an incremental CT protocol in the diagnosis of LI.
MATERIALS AND METHODS

Study Cohort
All study procedures and medical chart reviews were approved by the local institutional research ethics board. Patients were retrospectively selected from a prospectively acquired database of consecutive patients presenting to a tertiary stroke center between March 2011 and February 2013, admitted under a code stroke designation to the emergency department Ͻ4.5 hours after symptom onset. Inclusion criteria were presentation with an acute code stroke designation with a clinical lacunar syndrome 16 determined at admission by the attending stroke neurologists (5-10 years' experience) and undergoing the admission CT stroke protocol (NCCT, CT angiographic-source images [CTA-SI], and CTP) and follow-up MR imaging, with or without restriction in a LI distribution on DWI/ADC and no vessel occlusion. Patients with both cortical and lacunar infarcts were excluded from review (n ϭ 44). Of 163 patients presenting with a clinical lacunar syndrome, we excluded the following: 11 patients with stroke mimic (cavernous malformation, aneurysm, venous thrombosis, seizure, migraine, 5.3%) and 64 with delayed follow-up MR imaging (Ͼ30 days from presentation) or MR imaging performed following repatriation and not available for review (30.9%). A 30-day DWI limit was applied, because this represents an accepted time for DWI to remain sensitive for infarct detection in patients with acute ischemic stroke. 11, 17 LI was defined as solitary, subcortical lesions, Յ20 mm in greatest diameter as previously defined, 15 recommended, 18 and clinically applied. 19, 20 The final study cohort comprised 88 patients.
Imaging Protocol
CT stroke protocol, performed on a 64-section CT scanner (VCT; GE Healthcare, Milwaukee, Wisconsin), includes a pre-and postcontrast head CT with the following parameters: 120 kV(peak), 340 mA, 8 ϫ 5 mm collimation, 1 s/rotation, and table speed of 15 mm/rotation. CTA was performed from the aortic arch to the vertex with the following parameters: 0.7-mL/kg iodinated contrast agent up to a maximum of 90 mL (iohexol, Omnipaque 300 mg iodine/mL; GE Healthcare, Piscataway, New Jersey), 5-to 10-second delay, 120 kVp, 270 mA, 1 s/rotation, 1.25-mm-thick sections, and table speed of 3.7 mm/rotation. Biphasic CT perfusion included a 45-second scan reconstructed at 0.5-second intervals followed by 6 further acquisitions 15 seconds apart for an additional 90 seconds. CTP scan parameters were the following: 80 kVp, 100 mA, 0.5-mL/kg (maximum, 50 mL) iodinated contrast agent injected at 4 mL/s with a 3-to 5-second delay. 11 Sections were selected to cover either the infra-or supratentorium, depending on clinical suspicion of infarct location by an attending neurologist. In all cases, the first supratentorial and last infratentorial CTP sections included the inferiormost portion of the frontal horn of the lateral ventricle. 
Image Processing
CT Perfusion 4 (GE Healthcare) was used to calculate parametric maps as described previously. 11 Briefly, arterial input and venous time-attenuation curves were generated, after manually selecting regions of interest in the anterior cerebral artery ipsilateral to the side of the infarct and the superior sagittal sinus, respectively. PACS postprocessing of CTA-SI (4 mm thick with a 2-mm gap and aligned to match the NCCT) was performed by CT technologists at the CT operator console.
Review Protocol
The review protocol simulated the usual order in which stroke studies are reviewed in our practice, beginning with NCCT images, followed by CTA and CTA-SI and CTP color maps. The 2 reviewers were a recently trained neuroradiologist and an experienced neuroradiology fellow (1-years' experience in a high-volume stroke center). Before review, 3 anonymized DICOM folders were prepared and stored on a secure server. The first folder contained only NCCT images; the second, NCCT and CTA-SI; and the third, NCCT, CTA-SI, and CTP color maps (CBF, CBV, and MTT). Only 1 folder was available to a reader at a time, and each completed folder was removed following completion. A minimum 2-week interval separated each review to minimize recall bias. Images were reviewed with a Windows-based PACS (K-PACS, version 1.6.0; http://www.k-pacs.de). Reviewers were blinded to all clinical information including the affected side. For each patient, the reviewers scored both hemispheres for the presence or absence of LI and assigned a 6-point level of confidence score to each side (1, stroke definitely present; 2, stroke probably present; 3, equivocal but leaning to positive; 4, equivocal but leaning to negative; 5, stroke probably absent; 6, stroke definitely absent). For studies with positive findings, the precise location of the infarct was recorded. For CTP, color maps were evaluated initially in combination to generate a combined score. Separate scores were also assessed for each CTP map. The total number of scores generated for each technique was 352 (88 patients, 2 sides and 2 readers). The final observed diagnosis was established on DWI/ ADC coregistered to baseline imaging by an experienced neuroradiologist (9 years' experience) (SPM 8; http://www.fil.ion. ucl.ac.uk/spm/software). True-positive studies required a confidence score of 1-3 and identification of the correct infarct location. Incorrect location with scores of 1-3 constituted a falsepositive response.
Statistical Analysis
Analyses were performed with SAS (Version 9.1; SAS Institute, Cary, North Carolina). Results were expressed as either the mean Ϯ SD or median and interquartile range (IQR) for quantitative variables and as proportions for categoric findings. Comparisons of demographic features were performed by using an unpaired samples t test and Mann-Whitney U and 2 tests.
Logistic regression analysis was used to predict the actual from observed diagnosis for the incremental protocol, adjusting for confidence score. The combined predictive effects of the observed diagnostic performance and the confidence score in the model were quantified with the entropy r 2 value calculated as
where L O and L M represent the log-likelihood (maximized-2) of the null and the fitted model, respectively. The Akaike information criterion (AIC) was calculated as AIC ϭ L M ϩ 2n, (where n is the number of parameters) and was used to compare models among the 3 modalities. Diagnostic performance of the incremental protocols was evaluated with a receiver operating characteristic curve, and the area under the curve was compared according to DeLong et al. 22 To analyze correlated data from readers, we used generalized estimating equations to assess actual from observed stroke diagnosis after adjusting for the confidence score by using a generalized linear model with a binomial distribution (logit link function). The quasilikelihood information criterion was applied to fit the models. Individual sensitivity (Se i ) and specificity (Sp i ) were calculated as follows:
where N i indicates the total number of diagnoses considered for each patient and found positive at the time the actual diagnosis was made and n indicates the total number of patients. The estimate of sensitivity and specificity and their variances were derived. 23 To compare sensitivity and specificity among the 3 modalities, we performed a regression model of the natural log of Se i /Sp i . Interobserver agreement was calculated by the Cohen statistic and considered moderate, substantial, and near-perfect ( values ϭ 0.41-0.60, 0.61-0.80, and 0.81-1.00, respectively). To test the equality of the correlated Cohen statistics, we performed a weighted leastsquares approach.
24 P Ͻ .05 was considered significant.
RESULTS
Of 88 included patients (n ϭ 44, 50% male; cohort median age, 73.5 years; IQR ϭ 60 -82 years), acute LI was demonstrated in 59 (67%) MR imaging studies. The median time to CTP was 150 minutes (IQR ϭ 87-196 minutes). The median time to follow-up MR imaging was 2 days (IQR, 1-4.25 days). The distribution of LI was lenticulostriate, 34 (57.6%); thalamus/posterior internal capsule, 11 (18.6%); and pons, 14 (23.7%). Patients with LI were more likely to have hypertension and diabetes compared with those without (P ϭ .04; P ϭ .02, respectively; Table 1 ). The median NIHSS score was 6.5 (IQR ϭ 4 -9) in patients with LI compared with 5 (IQR ϭ 2-7) in those without, but it did not reach significance. Sixteen patients (18.2%) received a mean dose of 73 Ϯ 27 mg of IV rtPA. Perfusion abnormality was seen in 36/59 (61%) LIs. No significant difference in age, sex, cardiovascular risk factors, and rtPA use or side of infarct was present between patients with and without a perfusion abnormality. Patients with a perfusion abnormality had a higher NIHSS score of 7.5 (IQR ϭ 4.8 -12.0) versus 4.8 (IQR ϭ 2-7, P Ͻ .01) and tended to present earlier (101 minutes, IQR ϭ 70 -163 minutes versus 168 minutes IQR ϭ 120 -203 minutes, P ϭ .09). Median mRS scores (3, IQR ϭ 0.8 -4.0 versus 1, IQR ϭ 0 -2.5; P ϭ .40), and the likelihood of early clinical deterioration (19.4% versus 4.3%, P ϭ .38) were higher in the presence of a perfusion abnormality than without it, but these did not reach clinical significance. Table 2 demonstrates the confidence scores for each technique, showing a reduction of equivocal studies from 24.7% with NCCT to 19.9% and 10.2% with CTA-SI and CTP, respectively. Confidence for the presence and absence of infarct increased incrementally with multimodal assessment. Significant correlation between the observed and actual diagnoses for CTA-SI and CTP modalities versus NCCT was demonstrated. Best fit was demonstrated for the multimodal approach including CTP (Table 3) ; progressive entropy r 2 values increased from 0.015 to 0.329 and AIC was reduced (451.1 to 357.3) with the incremental protocol. The observed diagnosis was significantly related to the actual diagnosis after adjusting for confidence level for CTP (P ϭ .04) and was 5.1 and 2.4 times more likely to confirm LI than NCCT or (Fig 1) demonstrated higher area under the curve for CTP (0.77; 95% CI, 0.72-0.81) than CTA-SI (0.68; 95% CI, 0.63-0.73; P ϭ .006) or NCCT alone (0.55; 95% CI, 0.50 -0.60; P Ͻ .001). The difference between CTA-SI and NCCT alone was also statistically significant (P Ͻ .001).
Diagnostic performance improved with incremental protocol use (Table 4) . Although interobserver agreement increased with the incremental protocol (poor-to-moderate), this was not statistically significant (Table 5) .
DISCUSSION
Our results demonstrate a significantly improved area under the curve and confidence for correct diagnosis, with fewer equivocal scan outcomes by using a multimodal approach. Similarly, increased interobserver reliability is demonstrated compared with conventional NCCT with a fair overall performance.
A recent study evaluating the efficacy of a newly established incremental CTP protocol found that 10% of false-negative CTP studies in patients with clinical stroke were attributable to LI. 12 The false-negative rate is multifactorial and reflects a learning curve in LI CTP pattern identification 2, 16, 25 but also variability in the size of perfusion abnormality in the context of LI. 15 Traditionally, studies have focused on identifying larger hemispheric perfusion defects with or without concurrent deep abnormalities. In the absence of cortical involvement, pure LIs are often overlooked because of their smaller size and inattention to a typical lacunar pattern of perfusion abnormality within the perforator territories including brain stem, basal ganglia, and thalamus. In our experience, LIs are poorly detected with NCCT and CTA. CTP significantly improves detection but requires careful evaluation of the perforator locations for small perfusion defects in the absence of a larger perfusion abnormality (Figs 2 and 3) . The frequency and significance of perfusion abnormality in LI was previously addressed in several small series. [26] [27] [28] One of the largest studies (22 patients) demonstrated MTT abnormality in 68.2% of LIs, comparing favorably with 61% in the present series.
Other smaller studies report perfusion abnormality in 0% 26, 28 to 100% 14 of cases. Clinically, perfusion abnormality in LI was previously shown to be associated with the persistence of symptoms beyond 24 hours. 13 In the present study, analysis of CTP-positive and CTP-negative findings of LI showed a higher NIHSS score, shorter time to scanning, and poorer outcome in patients with a perfusion abnormality. Pathophysiologic differences may explain the variability of perfusion abnormality in the context of LI. LIs associated with perfusion defects may be secondary to atherothrombotic occlusion of several perforator branches rather than single 40-to 200-m lipohyalinotic perforator occlusions. In support, we found both hypertension and diabetes to be associated with LI overall, but neither were significantly different between patients with and without a perfusion defect. These results mirror a large community-based prospective cohort study of 15,792 middle-aged adults in whom both hypertension and diabetes were associated with smaller (but not large) infarcts. 25 The utility of CTP in the context of LI has been previously studied. 8, 13, 14 Early clinical deterioration occurs in 27%-62% of LI cases and is not reliably predicted clinically. 26, 28 Perfusion abnormality absence was highly predictive of clinical stability in 1 study, while one-third of patients with perfusion abnormality experienced clinical deterioration. 14 Yamada et al 13 demonstrated higher MTT ratios and lower CBF ratios in patients experiencing clinical deterioration. The reported reversal of a matched right thalamostriate perfusion and diffusion abnormality following thrombolysis suggests a potential role for perfusion imaging in the management of LI. 8 Although thrombolysis in LI is controversial, growing evidence supports its use. Lacunar strokes treated with IV rtPA in the National Institutes of Neurological Disorders and Stroke study demonstrated more favorable outcomes compared with a placebo group (63% versus 40%; mRS, Յ1). 4 Similarly, a Canadian Stroke Network Registry study of 11,503 patients showed equal benefit after thrombolysis for lacunar and total anterior circulation strokes. 29 Patients with thrombolysis-treated ischemic stroke with small-vessel infarcts showed better clinical outcome and lower hemorrhagic complications than those secondary to other etiologies. 30, 31 Justifiable concern remains regarding the radiation dose from CTP, conferring an effective dose of ϳ2.5 mSv. The total dose of the CT protocol is 6.1 mSv by the International Commission on Radiological Protection 103 criteria. Thus, the relative incremental CTP dose is small but conferring the benefit of increased confidence of diagnosis. A recent study has shown that this could be reduced by 50% by using 50 mA instead of 100 mA. 32 Furthermore, due to scan obliquity, no significant lens dose exposure was experienced. The largest contributor to dose remains the CTA component, due to spatial coverage and exposure to the thyroid and lenses. MR imaging in acute ischemic stroke is considered a reference standard 33 and indeed provides superior infarct core delineation. Unfortunately, the overwhelming majority of tertiary stroke centers and other hospitals receiving patients with acute ischemic stroke do not have acute MR imaging access. Therefore, although MR imaging triage is recommended by consensus, this is usually after a decision to treat based on NCCT. 33 We argue simply that CTA and CTP use improves initial detection over NCCT without precluding subsequent MR imaging use according to institutional resource availability. Dose is important in terms of overall population burden, and conscientious effort should be made to conform to "as low as reasonably achievable" principles and to reduce the dose in all patients. While MR imaging has the advantage of not conferring any radiation dose, the biologic effect of CT dose in an elderly population is small. 21 Limitations include a retrospective study design. Although relatively small in sample size, the study does constitute one of the largest imaged lacunar cohorts. Readers were blinded to clinical information but were aware of the nature of the study; this circumstance introduced potential bias. It could also be argued that selection of particular CTP sections biases CTP detection by limiting the number of sections to a region of interest and unblinds readers. While CTP scans were directed to the posterior fossa or supratentorium by the attending neurologist, depending on the clinical presentation, standard protocol-mandated anatomic landmarks were used for every acquisition. While neuroanatomic localization may be useful in lesion detection, exact lesion determination is frequently not possible and the requirement of both a positive score and correct location reduces the possibility of bias. Prior strategies in acute stroke work-up necessitate MR imaging within a week of ictus in the context of a clinically significant vessel stenosis, placing pressure on limited and costly resources in busy acute stroke centers. A CTP study with positive findings may circumvent this need. CTP studies with negative findings will still require early MR imaging for carotid endarterectomy planning, but the number of patients requiring MR imaging should be reduced by 16%-33% compared with NCCT and CTA approaches, respectively. LI classification using DWI/ADC may potentially miss patients due to the known reduced DWI sensitivity for posterior fossa infarcts leading to both false-positive and -negative studies. However, the bias is systematic, applying equally to all sequences. Although the readers were still within their fellowship period, they had significant experience in stroke imaging due to high-volume exposure at a tertiary stroke center, allowing generalizability to other readers.
CONCLUSIONS
Multimodal CT including CTP has an estimated sensitivity of 42% in the detection of LI and increases the diagnostic performance 5.1-and 2.4-fold over NCCT and/or CTA-SI.
